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Treponema denticola does not appear to produce siderophores, so it must acquire iron by other pathways.
Indeed, T. denticola has been shown to have an iron-regulated 44-kDa outer membrane protein (HbpA) with
hemin binding ability. To characterize the HbpA protein, its gene was cloned from genomic DNA libraries of
T. denticola. Sequence analysis of the hbpA open reading frame indicated that it encoded a 42.8-kDa protein
with a 23-amino-acid signal peptide. HbpA has no significant homology to any proteins in the databases.
Southern blot analysis demonstrated that hbpA is present in several T. denticola ATCC strains and clinical
isolates, but not in Treponema pectinovorum, Treponema socranskii, or Escherichia coli. HbpA, expressed as a
recombinant protein in E. coli and purified by antibody affinity chromatography, has hemin binding activity as
determined by lithium dodecyl sulfate-polyacrylamide gel electrophoresis with tetramethylbenzidine staining.
Northern blot analysis showed that there were two hbpA-containing transcripts, of approximately 1.3 and 2.6
kb, and that the RNA levels were low-iron induced. Interestingly, the 2.6-kb mRNA also encoded a second
protein with significant homology to hbpA. This downstream gene, called hbpB, was cloned and sequenced and
its product was expressed as a fusion protein in E. coli. The hbpB gene product is 49% identical to HbpA and
binds hemin. Thus, T. denticola has two novel hemin binding proteins which may be part of a previously

unrecognized iron acquisition pathway.

There is mounting evidence for the roles of several oral
anaerobic spirochetes in periodontal disease, with the best
characterized species being Treponema denticola. This organ-
ism is frequently found in high numbers at periodontally dis-
eased sites (2, 48), and its presence is strongly associated with
the pathogenesis of human periodontal disease (32, 48). This
organism is also considered a putative pathogen because it can
produce a variety of virulence factors (9), including proteolytic
enzymes (8, 33, 55), a hemolysin (5, 14), and immunosuppres-
sive factors (46). These virulence activities are presumed to be
important for establishing 7. denticola in the periodontal
pocket and possibly for causing some of the tissue destruction
seen in periodontal disease.

Iron is an essential nutrient for the growth and metabolism
of most bacteria (15, 31, 57). In order to survive in vivo,
pathogenic bacteria have developed several mechanisms for
acquiring iron in the host environment. Most bacteria secrete
iron-chelating siderophores (37), which remove iron from host
iron-binding proteins and then interact with bacterial mem-
brane receptors to transport iron into the bacterium. In addi-
tion, some organisms have low-iron-inducible outer membrane
proteins (OMPs) that bind host iron-binding proteins, such as
transferrin or lactoferrin, and remove the iron (39, 43). Finally,
some gram-negative human pathogens acquire iron from heme
compounds. In these systems, a bacterial hemin-binding pro-
tein serves as a surface receptor to bind heme protein, and
then the hemin is transported into the cells by a protein com-
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plex containing the inner membrane TonB protein (40, 58).
The ability to utilize hemin and hemin-containing compounds
for nutritional iron uptake has been documented for numerous
pathogenic bacteria, including the periodontal pathogen Por-
phyromonas gingivalis (19, 38, 58).

T. denticola does not appear to produce siderophores (45),
so it must have other mechanisms for iron acquisition. Indeed,
T. denticola can bind lactoferrin (50) and hemin (7, 44). In
addition, 7. denticola produces a hemolysin (6), which could
lyse erythrocytes in vivo and provide heme compounds for the
bacterium. Previous studies have shown that 7. denticola con-
tains at least two hemin binding molecules: a 47-kDa consti-
tutively produced hemin binding protein from strain ATCC
35405 (45) and a 44-kDa hemin binding protein (HbpA), which
is up-regulated under iron-restricted growth, that is found in
strains GM-1, MS-25, ATCC 33520, and ATCC 33404 (7).
However, the role of these proteins in iron acquisition is un-
proven and the mechanism of binding and iron transport by
these proteins has not been characterized. The 44-kDa HbpA
has been purified and its amino-terminal sequence has been
determined (7). The limited sequence had no homology with
other proteins involved in iron uptake, suggesting that 7. den-
ticola may use a novel system to acquire iron. In order to
understand the mechanism of this 7. denticola iron uptake
system and eventually determine its role in pathogenesis, the
gene (hbpA) for the 44-kDa hemin binding protein from T.
denticola ATCC 35404 was cloned, sequenced, and character-
ized, as was a downstream homologue called 4bpB. The pro-
tein products of these genes are shown to bind hemin. Thus
they may contribute to hemin utilization by 7. denticola.

MATERIALS AND METHODS

Bacterial strains and culture conditions. 7. denticola ATCC 35404 (TD-4) was
used as the source of genomic DNA and in the RNA studies. T. denticola strains
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GM-1 and MS25 were originally isolated from human periodontal pockets (56).
Strain SW-1 is a clinical isolate recovered by Steve Walker from a patient with
periodontal disease. Treponema socranskii and Treponema pectinovorum are
ATCC strains 35536 and 33768, respectively. The cells were grown anaerobically
(5% CO,, 10% H,, 85% N,) at 37°C in GM-1 medium (56). To grow cells in
iron-restrictive conditions, 2,2'-bipyridyl (BPD) was added to a final concentra-
tion of 200 pM.

Plasmids pUC18 and pBluescript II KS were used as vectors for cloning.
Escherichia coli strains DH5a and DH10b were used as host strains for plasmids
and were routinely grown in Luria-Bertani broth or on Luria-Bertani agar plates
supplemented with ampicillin (50 pg/ml) when appropriate.

Chromosomal DNA isolation and Southern blot analysis. T. denticola chro-
mosomal DNA was isolated using a detergent-proteinase K lysis procedure that
included treatment with cetyltrimethylammonium bromide to remove polysac-
charides and cell wall debris (3). For Southern blot analyses, chromosomal
DNAs were digested with the indicated restriction endonucleases, separated on
0.7% agarose gels, and transferred to nylon membranes. Hybridization of the
membranes was carried out in 6X SSC (1X SSC is 0.15 M NaCl plus 0.015 M
sodium citrate) overnight at 56°C and the filters were washed three times with 6
SSC at 56°C. DNA fragments used as hybridization probes were isolated from
plasmid or amplified by PCR and then isolated from agarose gels by a freeze-
thaw-phenol extraction procedure (47). DNA probes were labeled with
[«-*?P]dATP using a random primer DNA labeling system (Life Technologies,
Gaithersburg, Md.) or, if oligonucleotides were used, end labeled with
[y-**P]ATP by T4 polynucleotide kinase.

Oligonucleotides and DNA amplification by PCR. For amplification of the
DNA fragment encoding the amino terminus of the 4bpA gene, a degenerate,
29-base oligonucleotide (5" AARACIATGCCIGCIGCIAARGAYAAYAA 3',
where I = inosine, R = A or G, and Y = C or T) was synthesized based upon
the previously determined amino acid sequence of the N terminus of HbpA (7).
T. denticola genomic DNA was digested by PstI and EcoRlI, and the resulting
fragments were ligated into the PstI/EcoRI sites of pUC18. The ligation mixture
served as the template in a PCR synthesis. The 1bpA 29-mer oligonucleotide and
the M13 forward primer were used as primers in the PCR. An initial denatur-
ation step (5 min, 94°C) was followed by 40 cycles of amplification (1 min at 94°C,
1 min at 48°C, and 3 min at 72°C) in a model PTC-100 thermocycler from MJ
Research.

Construction and screening of partial libraries of T. denticola genomic DNA.
T. denticola genomic DNA (80 pg) was digested with the appropriate restriction
endonucleases and electrophoresed on a 0.7% agarose gel. A region of the gel
containing DNA fragments corresponding in size to the hybridizing DNA frag-
ment, as determined by preliminary Southern blotting, was excised and the DNA
was extracted using a Qiaex kit (Qiagen Inc., Chatsworth, Calif.). These size-
separated DNA fragments were ligated into either pBluescript or pUC18 and
transformed into E. coli DH5a. Colonies from these partial libraries were trans-
ferred onto nylon membranes and screened for the correct insert by colony blot
hybridization. The hybridization and washing conditions were the same as those
described above for Southern blot analysis.

DNA sequencing. Segments of various clones were sequenced in the Center for
Advanced DNA Technology at the University of Texas Health Science Center at
San Antonio using an Applied Biosystems model 373A sequencing system. All
sequences were determined independently from both strands. The deduced
amino acid sequences were compared to the nonredundant, combined protein
databases at the National Center for Biotechnology Information using the
BLAST algorithm (1) and the PROSITE program.

Expression and purification of rHbpA. To express HbpA in E. coli, the 1.6-kb
PstI-BamHI fragment from pSH4, which encodes the carboxy end of hbpA, was
first ligated into pBluescript. The resulting plasmid was cleaved with HincII and
Pstl, and a 245-bp Hincll-Pst]l fragment from pSH3, which encodes the amino
portion of hbpA, was ligated in. This reconstructed the entire #1bpA gene in one
plasmid (pSHS). The plasmid was transformed into E. coli DH5« and the ex-
pression of recombinant HbpA (rHbpA) was assessed by Western blot analysis.
To purify rHbpA, growth supernatant from E. coli/pSHS5 cells was applied to an
anti-HbpA affinity column. The affinity column was made from anti-HbpA rabbit
serum (7), which had been absorbed against E. coli DH5a cells, purified by salt
precipitation, and cross-linked to Affi-Gel 10 (Bio-Rad Laboratories, Richmond,
Calif.). After washing of the column with pH 9.0 Tris buffer and pH 6.3 phos-
phate-buffered saline, the protein was eluted with pH 2.5 glycine-HCI buffer. The
eluate was neutralized immediately with pH 8.0 Tris buffer. The combined eluate
was put into dialysis tubing, concentrated by placement in polyethylene glycol
until the volume was reduced to 0.5 to 1.0 ml, and then dialyzed against pH 8.0
Tris buffer.

INFECT. IMMUN.

Expression of rHbpB as a fusion protein. The coding region, without the signal
peptide, of the hbpB gene was amplified by PCR with T. denticola genomic DNA
as the template. The primers (AACTGCAGATGTAAGTCGATGCCTAAC
and CGGAATTCTCTCCTATAAAAAG) used in the PCR contained a PstI or
an EcoRlI site, one on either primer, that was not encoded by the #bpB gene. The
PCR product was digested with PstI and EcoRI and ligated, in frame, into the
expression vector pRsetA (Invitrogen, San Diego, Calif.). The recombinant plas-
mid was transformed into E. coli BL21(DE3). The expression of rHbpB was
induced by the addition of isopropyl-B-p-thiogalactopyranoside to cells contain-
ing the expression plasmid.

SDS-PAGE and Western blot analysis. The discontinuous gel system of Lae-
mmli (25) was used for sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE). The resolving gel consisted of 12% acrylamide in 0.125 M Tris
(pH 8.8), and the stacking gel contained 4% acrylamide in 0.125 M Tris (pH 6.8).
Total E. coli proteins were prepared by pelleting 5 ml of stationary cells, sus-
pending the pellet in 1 ml of 1X sample buffer (2% SDS, 10% glycerol, 5%
B-mercaptoethanol, 1 mM bromophenol blue), and heating to 100°C for 5 min.
The OMPs of T. denticola were isolated by the freeze-thaw method (34). After
electrophoresis, the gels were either stained with Coomassie brilliant blue R250
or transferred onto Immobilon-P membranes (Millipore Corp., Bedford, Mass.)
for Western blotting (54). For Western blotting, the membrane was blocked with
3% bovine serum albumin in Tris-buffered saline (20 mM Tris, 0.5 M NaCl [pH
7.5]) and then incubated with anti-HbpA antibodies followed by alkaline phos-
phatase-conjugated secondary antibodies at the appropriate dilution. The rabbit
anti-HbpA serum was a generous gift of L. Chu and was prepared from a rabbit
immunized with purified HbpA from T. denticola (7). The membranes were
developed with a 5-bromo-4-chloro-3-indolylphosphate—nitroblue tetrazolium
colorimetric system. Bio-Rad prestained molecular weight standards were used
to estimate the molecular masses of the proteins.

LDS-PAGE and TMBZ staining. Lithium dodecyl sulfate (LDS)-PAGE (Sig-
ma, St. Louis, Mo.) and tetramethylbenzidine (TMBZ) (Sigma) staining were
employed to assess the hemin binding ability of proteins (53). The resolving gel
consisted of 12% acrylamide in 0.375 M Tris buffer (pH 8.8) containing 0.1%
LDS. The stacking gel contained 4% acrylamide and 0.1% LDS. Where indi-
cated, the protein samples, consisting of 250 ng of purified recombinant protein
or 10 pg of T. denticola OMP, were incubated with hemin (20 pg/ml) at 37°C for
30 min and diluted 4:1 with sample loading buffer before loading onto the gel.
The proteins were electrophoresed at a constant 220 V in the dark at 4°C.
Detection of hemin-protein complexes was accomplished by staining the gel with
TMBZ, a chromogen that is turned blue by proteins with hemin-associated
peroxidase activity. The gel was fixed in 0.25 M sodium acetate (pH 5.0) and
stained in TMBZ solution, and the color was developed by adding 30 mM
hydrogen peroxide to the staining solution. The gel then was washed in 0.25 M
sodium acetate—isopropanol (8:2) and dried immediately.

Northern blot analysis. Total RNA of 7. denticola was isolated using the
Ultraspec RNA isolation system (Biotecx Laboratories Inc., Houston, Tex.).
RNA was extracted from 30 ml of T. denticola cells which had been growing for
2 days in GM-1 with or without BPD after being inoculated with 3 ml of a
3-day-old culture of T. denticola cells. Cells were harvested and suspended in 1
ml of Ultraspec RNA solution for cell lysis. After the addition of 0.2 ml of
chloroform and centrifugation, the RNA in the aqueous phase was precipitated
with an equal volume of isopropanol and washed twice with 75% ethanol. The
RNA pellet was dissolved in 50 pl of diethyl pyrocarbonate-treated water. The
yield of RNA was determined by absorbance spectrophotometry at 260 nm. The
indicated amount of RNA were electrophoresed in 1% agarose formaldehyde
gels and transferred to a nylon membrane by capillary transfer. Probes were
prepared and hybridizations were done as described above for Southern blotting.

Nucleotide seq e accessi bers. The nucleotide sequences reported
here have been deposited in GenBank with accession numbers AF196837 and
AF332358.

RESULTS

Cloning of the hemin binding protein gene (hbpA). Based on
the previously determined amino-terminal amino acid se-
quence of HbpA (7), a degenerate 29-base oligonucleotide
(29-mer) potentially encoding amino acids 2 to 11 of HbpA
was synthesized. Samples of T. denticola genomic DNA were
digested with various restriction enzymes and the resulting
collections of fragments were ligated into appropriately di-
gested pUCI18. These ligation mixtures served as templates in
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FIG. 1. Molecular organization of hbpA region from T. denticola
strain TD-4. Key restriction endonuclease sites are marked. Inserts
pSH2 and pSH5 were cloned into pBluescript. The pSH3, pSH4, and
pSHS inserts were cloned into pUCI18. The pSH9 PCR product was
cloned into pRsetA.

PCR amplifications with the 29-mer oligonucleotide and either
M13 forward or M13 reverse primers. The PstI-EcoRI ligation
mixture gave a 167-bp PCR product with the 29-mer and M13
forward primers (data not shown). Sequence analysis of the
PCR fragment indicated that a 107-bp region in the fragment
could encode a 46-amino-acid-long polypeptide whose first 20
amino acids matched the previously determined amino-termi-
nal sequence of the 44-kDa protein.

A 107-bp HindIlI/PstI fragment from this PCR product cor-
responding to amino acids 20 to 46 of HbpA was used as a
hybridization probe in colony blot hybridization against various
T. denticola genomic DNA libraries. No stable positive colo-
nies were found. Since it has been reported that overexpression
of some 7. denticola membrane proteins may be toxic to E. coli
(10), we decided to clone the rest of the 4bpA gene in several
fragments. The 107-bp HindIIl/Pst1 fragment was used as hy-
bridization probe to clone a 333-bp Hindlll fragment from a
size-limited T. denticola genomic library (Fig. 1, pSH2). The
insert from pSH2 was then used as a hybridization probe
against another 7. denticola genomic library to clone the 3’ half
of the hbpA gene on a 1.6-kb PstI/BamHI fragment (Fig. 1,
pSH4). Cloning of the upstream region of hbpA proved to be
more difficult; E. coli cells with plasmids containing the begin-
ning of the hbpA gene and some upstream DNA grew much
more slowly, as if the plasmid or its product was toxic to E. coli.
However, we were able to clone the 5’ end of the hbpA gene as
a 1.1-kb Sau3Al/PstI DNA fragment (Fig. 1, pSH3) by screen-
ing a Sau3Al/Pst] genomic DNA library, using the insert from
pSH2 as a hybridization probe.

The HbpA gene encodes a novel protein with a secretion
signal. Analysis of the 2,703-bp sequence contained in pSH2,
pSH3, and pSH4 revealed one complete open reading frame
(ORF) in the middle and two incomplete ORFs at either end
(Fig. 1). All three ORFs were in the same orientation and they
were 283 bp (orfl to hbpA) and 90 bp (hbpA to hbpB) apart.
The G+C content of the sequenced DNA was 38.8%, which is
similar to the T. denticola overall G+C content of 37 to 38%

TREPONEMA DENTICOLA HEMIN BINDING PROTEIN GENES 4467

(49), suggesting that hbpA is not part of a pathogenicity island.
The promoter prediction program NNPP (41) indicates that
there is a possible bacterial o’°-like promoter between nucle-
otides 811 and 841, just upstream of the HbpA start codon
(Fig. 2A). However, these data must be interpreted cautiously
since the consensus promoter sequence is based upon E. coli
promoters, although several T. denticola promoters have been
characterized (13, 16, 24, 30). A potential ribosome binding
site (Shine-Dalgarno) is located 7 bp upstream of the HbpA
start codon. Finally, an inverted repeat is found in the region
between hbpA and hbpB (Fig. 2A). This could encode a rho-
independent transcription termination site.

The middle ORF encoded the HbpA protein, since its de-
duced sequence matched positions 2 to 23 of the previously
determined amino-terminal amino acid sequence of the hemin
binding protein (7). Not unexpectedly, the deduced sequence
contained additional amino acids at the amino terminus, sug-
gesting that the hbpA gene encodes a 23-amino-acid signal
peptide (Fig. 2B) which is cleaved during translocation across
the membrane. Indeed, the deduced sequence of the putative
23-amino-acid signal peptide is a typical signal sequence; it has
positively charged residues at the N terminus, hydrophobic
residues in the middle of the peptide, and a potential peptidase
cleavage site at the end. A BLAST search of the protein da-
tabases with the deduced HbpA sequence revealed that there
were no significant homologues among other proteins, includ-
ing other hemin binding proteins. This indicates that HbpA is
a novel hemin binding protein.

Interestingly, the deduced 178-amino-acid sequence from
the incomplete ORF downstream of 4bpA shared 50% identity
with the HbpA protein; thus, the gene was named hbpB. The
protein encoded by hbpB also has a putative signal peptide,
indicating that it is a membrane or secreted protein. Since the
partial sequence of HbpB shared so much identity with HbpA,
the rest of the 4bpB gene was cloned. Basically, a DNA frag-
ment corresponding to the amino terminus of hbpB was am-
plified by PCR and used to probe a library of T. denticola
genomic DNA digested with HindIIl. The insert from the re-
sulting clone, pSHS8 (Fig. 1), was sequenced. The entire hbpB
gene encodes a 403-amino-acid protein with a 23-amino-acid
putative signal peptide; these are the exact sizes found for
HbpA. However, the deduced molecular weight of the mature
HbpB protein is 420 daltons smaller than that of HbpA. Over-
all, HbpB and HbpA are 49% identical and 60% similar in
amino acid sequence (Fig. 2B). A BLAST search with the
HbpB sequence indicated that no proteins in the National
Center for Biotechnology Information nonredundant protein
database were homologous to HbpB.

Finally, there are two partial ORFs in the sequenced DNAs.
orf1, just upstream of hbpA, appears to encode 194 amino acids
at the carboxy end of a protein. However, the possible role of
this ORF in the cell is unknown, since it has no homologues in
the protein databases. orf4, which is 36 bp downstream of
hbpB, appears to encode the start of a protein. However, the
possible function of Orf4 is unclear since a BLAST search with
the limited sequence available did not reveal any homologue in
the protein databases.

The hbpA gene is present in various 7. denticola strains, but
not in 7. pectinovorum, T. socranskii, or E. coli. Since Scott et al.
(45) detected a 47-kDa hemin binding protein, but not a 44-
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FIG. 2. (A) Sequences of the noncoding DNA segments around the #bpA and hbpB genes. The dotted lines around a gene name represent the
coding region sequences for orfl, hbpA, hbpB, and orf4. The possible promoter region for 4bpA is indicated by —10 and —35. The inverted repeats,
which may serve as rho-independent terminators, are marked by pairs of arrows. SD, Shine-Dalgarno site. (B) Comparison of deduced amino acid
sequences of HbpA and HbpB from 7. denticola. The putative signal peptide sequences are underlined. The asterisks denote positions with

identical amino acids in the two proteins. The dashes indicate gaps introduced to maximize the alignment.

kDa protein, in another strain of 7. denticola, it was of interest
to determine if the hbpA gene was present in various strains of
T. denticola or in other oral spirochetes. Therefore, Southern
blot analysis was performed on genomic DNA isolated from six
different T. denticola strains, including ATCC 35405, which is
the strain that was used by Scott et al. (45), and ATCC 33520,
which is the strain being sequenced by The Institute for
Genomic Research. In addition, DNAs from the oral trepo-
nemes 7. pectinovorum and T. socranskii were examined. Using
a probe from the first third of the AbpA gene, all of the T.
denticola strains gave a 333-bp band when cut with HindIII
(data not shown). This is the size expected from the sequence
analysis of strain ATCC 35404. The T. pectinovorum, T. socran-
skii, and E. coli DNAs did not hybridize to the hbpA probe. To
see if the gene organization around hbpA was also conserved
among the T. denticola strains, the same filter was hybridized
with orfl- and hbpB-specific probes. All of the T. denticola
strains had a 2.9-kb band with the orf1 probe and a 2.3-kb band
with the hbpB probe, while T. pectinovorum, T. socranskii, and
E. coli gave no signal with either probe (data not shown).
These results indicate that all of the strains of 7. denticola
tested, including the one used by Scott et al. in identifying a
47-kDa hemin binding protein, have the #bpA gene and that
the gene organization around hbpA is identical in all T. denti-
cola strains. This conclusion was reinforced by a search of the
preliminary 7. denticola genome sequence at The Institute for

Genomic Research. One contig contained most of #bpA and all
of hbpB, and the sequence from strain ATCC 33520 differed
from our sequence at five bases in #bpA and four bases in
hbpB. These base changes led to only two amino acid changes
in HbpA and two in HbpB.

The hbpA gene has two transcripts which are low-iron in-
duced. Bacterial genes are often organized in operons that are
involved in the same metabolic or regulatory pathways. To see
if hbpA is part of an operon, especially with 4bpB, RNA from
T. denticola was analyzed by Northern blotting. Total RNA was
isolated from bacteria growing either in GM-1 medium or in
GM-1 medium with 200 M BPD to see if the 1bpA RNA, like
the protein, was induced under iron-restrictive growth condi-
tions. Two hbpA transcripts were seen: a 1.3-kb band and a less
intense 2.6-kb RNA species (Fig. 3B). Both transcripts must be
from the #bpA gene, since Southern blot analyses with multiple
restriction endonucleases and the same hybridization probe
demonstrated that hbpA is a single-copy gene (data not
shown). The 1.3-kb RNA was only 100 bases larger than the
size of the hbpA OREF, thus indicating that the major hbpA
transcript is monocistronic. However, the presence of the less
intense 2.6-kb transcript indicated that AbpA was also cotrans-
cribed with another gene(s). To determine which adjacent
gene, orfl or hbpB, was part of the hbpA operon, Northern
blots were also hybridized with AbpB and orfl probes. The orf1
probe did not hybridize with a 2.6-kb transcript (data not
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FIG. 3. Northern blot analyses of the hbpA and hbpB mRNAs. (A) Total RNA was isolated from 7. denticola ATCC 35404 grown in GM-1
medium plus 200 wM BPD or in GM-1 medium. The indicated amounts of RNA were separated on a 1% agarose gel and stained with ethidium
bromide. (B and C) The RNA was then transferred to a membrane and hybridized with an 4bpA probe (a 333-bp HindIII fragment internal to the
hbpA gene) (B) or an hbpB probe (a PCR product internal to the hbpB gene) (C). Each sample in panel C contained 3 pg of total RNA.

shown). However, the hbpB probe did hybridize with a 2.6-kb
band (Fig. 3C), indicating that hbpA is cotranscribed with
hbpB. Since bacterial RNA is relatively unstable, the Northern
blotting results were confirmed by reverse transcription-PCR
using oligonucleotide pairs that would produce PCR products
if an RNA were transcribed across the orfl-hbpA, hbpA-hbpB,
or hbpB-orf4 coding region junctions. Only the hbpA-hbpB
oligonucleotide pair gave a product in the reverse transcrip-
tion-PCRs (data not shown), demonstrating that only ihbpA
and hbpB are cotranscribed. The hbpB probe also hybridized
with a 1.8-kb RNA species in Northern blot analyses (Fig. 3C),
suggesting that it too can be transcribed monocistronically.
Interestingly, all three hbpA and hbpB RNA species are in-
duced at least 10-fold in RNA from cells grown under iron-
restrictive conditions. This strongly suggests that the iron reg-
ulation of the 44-kDa HbpA protein and the HbpB protein is
at the level of transcription or RNA stability.

Purified rHbpA shows hemin binding ability in LDS-PAGE
with TMBZ staining. To facilitate the purification and charac-
terization of the HbpA protein, the entire hbpA gene was
reconstructed in one plasmid, pSHS (Fig. 1). E. coli transfor-
mants carrying pSHS grew more slowly than E. coli with vector
alone, suggesting that production of the HbpA protein was
somewhat toxic to E. coli. Consistent with this finding, HbpA
did not appear to be overproduced in E. coli; when proteins
from E. coli cells carrying pSHS were compared to proteins
from E. coli with vector alone on stained gels, rHbpA was not
detected (data not shown). However, the HbpA protein is
made in E. coli, since Western blot analysis of total protein
from pSHS5-containing cells had a protein band with the same
size as native HbpA (Fig. 4A, lane 3). Mature rHbpA was also
found in culture supernatants of pSH5-containing E. coli cells
(data not shown). Finally, there was also a faint band at 27 kDa
in the pSHS sample. This could be a breakdown product of the
HbpA in E. coli or it could arise from mistranslation from an
internal ATG, of which there are several. Our results cannot
distinguish between these possibilities.

Immunoaffinity chromatography was employed to purify

rHbpA protein from the E. coli culture supernatant. rHbpA
which eluted from an anti-HbpA column appeared as a single
band on SDS-PAGE (Fig. 4B, lane 2). To test the hemin
binding ability of the recombinant protein, its heme-dependent
peroxidase activity was assessed. Purified rHbpA was incu-
bated with or without hemin for 30 min at 37°C, electropho-
resed on an LDS-polyacrylamide gel, and then reacted with
TMBZ, which turns blue in the presence of a peroxidase. The
rHbpA incubated with hemin gave a strong reaction (Fig. 4C,
lane 3), while HbpA without hemin did not react with TMBZ
(Fig. 4C, lane 2), indicating that the rHbpA can bind hemin.
Thus, despite the fact that it has no homology with other hemin
binding proteins, the 7. denticola HbpA has hemin binding
activity.

Fusion HbpB protein is expressed in E. coli and shows
hemin binding ability. In order to determine if HbpB could
bind hemin, it was expressed as a fusion protein in E. coli. The
portion of the 2bpB gene encoding the mature HbpB protein
was ligated into the expression vector pRsetA to generate
plasmid pSH9 (Fig. 1) This construct should express a protein
with a 36-amino-acid polyhistidine-containing peptide fused to
the amino terminus of the HbpB protein. Indeed, pSHY ex-
pressed a protein of the expected size as determined by West-
ern blot analysis with anti-His tag antibody (data not shown).
The HbpB protein also showed cross-reactivity with anti-HbpA
antibody in Western blotting because of the similarity of the
two proteins (Fig. 5A, lane 1). To assess the hemin binding
ability of HbpB, the cytosolic proteins from E. coli cells con-
taining pSHY and pRsetA were analyzed by LDS-PAGE and
TMBZ staining. The result shows that recombinant fusion
HbpB can bind hemin (Fig. 5B, lane 2).

DISCUSSION

The 44-kDa hemin binding protein (HbpA) from 7. denti-
cola has some properties in common with hemin binding re-
ceptors from other gram-negative bacteria. It is located in the
outer membrane of the bacterium, it appears to have a signal
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FIG. 4. Characterization of HbpA protein expressed in E. coli. (A) Total protein samples were prepared from the cells indicated and separated
by SDS-PAGE before being transferred to a nylon membrane. The primary antibody used in the subsequent Western blotting was anti-HbpA
antiserum prepared previously against HbpA purified from 7. denticola. Lanes: 1, molecular size standards; 2, protein from E. coli DH5« with
pBluescript vector alone; 3, protein from E. coli DH5a with pSH5; 4, OMP from T. denticola grown in GM-1 plus 200 uM BPD. (B) Various
protein samples were subjected to LDS-PAGE and stained with Coomassie brilliant blue. Lanes: 1, prestained molecular size standards; 2, 250 ng
of purified rHbpA from E. coli; 3, 10 wg of OMP from T. denticola grown in GM-1 medium; 4, 10 pg of OMP from T. denticola grown in GM-1
plus 200 uM BPD. (C) The indicated protein samples were subjected to LDS-PAGE and reacted with TMBZ. Lanes: 1, prestained molecular size
standards; 2, 250 ng of purified rHbpA not treated with hemin; 3, 250 ng of purified rHbpA preincubated with hemin; 4, 10 pg of OMP from 7.
denticola grown in GM-1 medium and then preincubated with hemin; 5, 10 pg of OMP from 7. denticola grown in GM-1 plus 200 .M BPD and
then preincubated with hemin. The position of the 44-kDa HbpA protein is marked by an arrow.

peptide, and its expression is increased under iron-restricted
growth conditions. However, the T. denticola HbpA is not
homologous to any other hemin binding protein, nor does it
share stretches of significant sequence identity with iron acqui-
sition proteins from other bacteria. The inability to find a
“hemin binding motif” in HbpA is not surprising, since no such
motif has been identified in hemin binding proteins from other
bacteria, despite the fact that most of the hemin binding pro-
teins from other bacteria do show homology with each other.
Thus, the 44-kDa OMP is a novel hemin binding protein, which
is likely to serve as a hemin receptor for T. denticola.
Previous studies have shown that the hemin binding recep-
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FIG. 5. Characterization of recombinant fusion HbpB protein. (A)
Total protein samples were prepared from the cells indicated and then
used in Western blotting as described in the legend for Fig. 4A. Lanes:
1, protein from E. coli BL21(DE3) with pSHY; 2, protein from E. coli
BL21(DE3) with pRsetA vector alone. (B) The indicated protein sam-
ples were subjected to LDS-PAGE and then reacted with TMBZ.
Lanes: 1, 10 pg of soluble protein from E. coli BL21(DE3) with
pRsetA vector alone; 2, 10 pg of soluble protein from E. coli BL21
(DE3) with pSH9. Both samples were preincubated with hemin before
electrophoresis. The 46-kDa HbpB fusion protein is marked by an
arrow.

tors in Yersinia enterocolitica, Haemophilus influenzae, and Shi-
gella dysenteriae have a TonB box sequence at the amino ter-
minus of the hemin receptor protein (21, 35, 36, 51). This
protein motif is critical for the interaction of certain outer
membrane receptors with the inner membrane protein TonB
that provides the energy needed to carry out the uptake of
specific substrates into the periplasmic space. Interestingly,
there was no TonB sequence motif in either HbpA or HbpB
from T. denticola. Thus, the mechanism used by HbpA and
HbpB to get iron and hemin into the cell may be different. One
possibility is that HbpA, HbpB, or both serve as the initial
hemin receptor, which then passes off the molecule to another
receptor which is TonB dependent. This second hemin recep-
tor could be the previously identified 47-kDa OMP from T.
denticola. Such a mechanism has been found in neisseria,
where HpuA and HpuB are both hemoglobin receptors which
act in a complex to internalize hemoglobin. In this case, only
HpuB has a TonB box motif (28). Another possibility is that
the hemin uptake system in T. denticola is unique and uses a
non-TonB mechanism to provide the energy needed to inter-
nalize hemin and iron.

In bacteria, functionally related genes are often part of an
operon. Sequence analysis of the region around the 7. denti-
cola hbpA gene revealed three adjacent ORFs, orfl, hbpB, and
orf4. By Northern blot analysis, #bpB was shown to be part of
an operon with ibpA, thus leading us to hypothesize that the
HbpB protein has a role in hemin uptake by 7. denticola.
Indeed, HbpB binds hemin. Some other bacterial hemin up-
take systems are encoded in operons. For example, in Y. en-
terocolitica, the hemin uptake operon contains four proteins:
HemP, HemR, HemS, and HemT. HemR is the hemin recep-
tor and its expression is regulated by iron. It has been proposed
that HemT is involved in the transport of hemin into the
cytoplasm, where it is degraded by HemS (52). However,
hemin binding protein genes can also be transcribed mono-
cistronically. For example, P. gingivalis hemR transcription is
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monocistronic (23). Finally, the cotranscribed hpuA and hpuB
genes of Neisseria meningitidis are required as a coreceptor in
the acquisition of iron from hemoglobin (27, 28). Mutant anal-
ysis is necessary to see if the 7. denticola HbpA and HbpB
proteins function in the same or parallel pathways in iron
acquisition from hemin.

Some bacterial OMPs, such as the major OMP of T. denti-
cola (10, 11), are toxic when overexpressed in E. coli and
therefore their genes can be difficult to clone in certain vectors.
For membrane proteins such as the major OMP from 7. den-
ticola, the toxic portion is usually the 5’ region of gene, which
encodes the signal peptide and N-terminal region of the pro-
tein; the toxicity may be due to the blockage of general protein
transport. Apparently, the amino terminus of HbpA is also
somewhat toxic when expressed in E. coli. The two clones,
pSH3 and pSHS, that contained the amino terminus of HbpA
only formed small colonies. The toxicity appears to be due to
the amino terminus of HbpA, since it is the only common
element in pSH3 and pSHS.

The transcription start sites have been determined for four
genes in 7. denticola (13, 16, 24, 30), two of which appear to use
a o’%like promoter and two of which seem to use a o*5-like
promoter. In the 7bpA gene, promoter prediction by the NNPP
program indicates that there is a possible o’’-like promoter
between nucleotides 811 and 841, about 18 nucleotides up-
stream of the HbpA translation start codon. Sequence exam-
ination reveals a good —10 match in that region but a poor
match to the E. coli —35 consensus sequence. This is very
similar to the results for the T. denticola dmcA gene promoter
(24), although other T. denticola promoter regions do have
sequences that are very similar to both components of the E.
coli o’°-like promoter consensus (10, 12). At the other end of
the hbpA gene, there is a stem-loop structure located 9 nucle-
otides downstream of the hbpA translation stop codon. This
structure fits the criteria for a rho-independent transcription
termination site (42). However, either the hbpA transcription
termination site is an inefficient site or there is an antitermi-
nation mechanism in 7. denticola, since the major hbpA tran-
script also contains the downstream hbpB gene. Finally, the
hbpA and hbpB RNAs are induced in cells growing under iron
restriction. The low-iron induction of transcription of hemin
binding protein genes has been described in several other sys-
tems (26, 35, 59, 60). In some cases, transcriptional regulation
by iron is due to Fur or DtxR proteins, which act as iron-
responsive DNA-binding repressor proteins (4, 17, 18, 27).
Although the transcription of hbpA is regulated by iron, we did
not find any matches to the Fur or DtxR consensus binding
sequences in the 4bpA promoter region. Thus, the mechanism
for iron regulation of hbpA transcription needs further study.

Different strains of 7. denticola have different OMP profiles.
The msp gene, which encodes the major OMP of T. denticola,
differs between strains, although there are regions of strong
identity among the msp genes from the different strains (11); by
Southern blot analysis, there are at least two restriction frag-
ment length polymorphism patterns around the msp gene
among strains. The restriction fragment length polymorphism
pattern around the hemolysin gene from 7. denticola ATCC
35404 is different from that of the hemolysin gene from a
clinical isolate, GM-1 (22). Similarly, Southern blot analyses
revealed that the flanking regions of the aspartate carbamoyl-
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transferase gene and cystalysin gene differ between strains (20)
(L. Chu, unpublished data). All of these results indicate that
the genomes of different strains of 7. denticola often vary.
Interestingly, the gene organization around the hbpA gene
appears to be conserved among the 7. denticola strains tested:
all six strains tested hybridized to the exact same size of
HindIIl fragments containing orfl, hbpA, and hbpB. All of
these results indicate that this cluster of genes is conserved in
T. denticola and thus may have an important role in the cell.
The functions of each of these three genes can now be exam-
ined by the gene disruption methodology developed by Li and
Kuramitsu (29).
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